We demonstrate the feasibility of trapping and manipulating individual macromolecules such as globular proteins (~ 5 nm in diameter) in free solution using a flow-based, microfluidic confinement method. This new method enables confinement of small nanoscale objects in free solution by utilizing a planar extensional flow created at a microchannel junction. The fluid flow based confinement method described in this work expands the micro/nanomanipulation toolbox by offering a powerful and versatile platform for non-perturbative observation and analysis of single macromolecules in free solution without force fields (electrical, magnetic, optical and acoustic) and surface immobilization.
INTRODUCTION
Controlling small particles in free solution is an essential technology for nanoscience and engineering. However, confinement and fine-scale manipulation of macromolecules and nanoparticles remains a significant challenge. Currently, particle trapping methods based on acoustic [1] [2] [3] [4] , electrokinetic [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , magnetic [16] [17] [18] , and optical [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] fields are utilized, but these methods are limited to trapping particles with specific material properties and bulky micron-scale dimensions. [29] [30] [31] Recently, we developed a new flow-based confinement method that enables 2-D manipulation of single micro and nanoscale particles suspended in aqueous solution. [32] [33] [34] Using this method, micro and nanoscale objects are confined at the stagnation point of a planar extensional flow generated at a microchannel junction. We demonstrated trapping and two-dimensional manipulation of particles with size ranging between 100 nm -10 μm with a positioning precision as small as 180 nm. This microfluidic trapping method offers a new platform for observation of macromolecules and nanoparticles without surface immobilization and provides the ability to change the surrounding medium or expose the trapped object to a concentration gradient in real time, both of which are key advantages over existing trapping methods. Hydrodynamic trapping is feasible for any particle with no specific requirements on the physical/chemical nature (optical, magnetic, surface charge) of the trapped object. Unlike the existing methods such as optical or magnetic traps (where force scales with volume), the microfluidic trapping force scales linearly with particle radius, which promises to enable facile trapping of macromolecules and small nanoparticles (<50 nm) in free solution.
Here, we explore the feasibility of trapping individual macromolecules such as globular proteins (~ 5 nm in diameter) in free solution using this flow-based confinement method. Using Brownian dynamics (BD) simulations, we show that macromolecules with radius of gyration as small as 5 nm are effectively confined using the microfluidic trapping method. We further determined the key parameters for effective confinement of macromolecules in free solution.
METHODOLOGY

Hydrodynamic trap
We developed a flow-based trapping method, called the hydrodynamic trap, for individual particles suspended in aqueous solution within a microfluidic device. [32] [33] [34] In the hydrodynamic trap, a stagnation point flow is generated at a microchannel junction, where two opposing laminar inlet streams converge (Figure 1a ). Individual particles are trapped at the stagnation point of the flow field by implementing an automated feedback-control mechanism, whereby the location of the stagnation point is actively adjusted by changing the relative flow rates through the outlet channels. A trapped particle can be manipulated in two dimensions along orthogonal directions in the microchannel junction by 
Control algorithm
The underlying principle of the hydrodynamic trap is active feedback control of the stagnation point position in order to maintain particle center-of-mass position at the trap center. Using the feedback control algorithm, the stagnation point is continuously re-positioned to a distance linearly proportional to the displacement offset between the particle and trap center:
where SP new : new position of the stagnation point, TC : position of the trap center, K p : proportionality constant (proportional gain), and e = TC − PP is the distance between the centroid position of the particle (PP) and the trap center (TC) . K p is determined such that (K p < −1) the particle is always positioned between the stagnation point and the trap center along the outlet streams, thereby convecting the particle in the direction of the trap center. Equation (1) implies that when a particle is trapped (e = 0) , the stagnation point is at the same location as the trap center and therefore the particle is effectively confined.
Brownian dynamics (BD) Simulations
We performed Brownian dynamics (BD) to demonstrate the feasibility of trapping individual macromolecules such as globular proteins (~ 5 nm in diameter) in free solution using the hydrodynamic trap. BD simulations are performed using MATLAB® to identify key parameters for effective confinement of macromolecules using the hydrodynamic trap. Specifically, we solved the Langevin equation and represented random Brownian fluctuations using a stochastic term in the equation. 35 The final particle position in the device plane after a time step ( τ ) is given by:
where x i and y i are the initial particle positions with respect to the stagnation point. : fluid strain rate (s -1 ), τ : time step for the simulation, D : Diffusion coefficient for the trapped particle ( D = kT / 3πηd , k : Boltzmann constant T : temperature, η : viscosity, d : particle diameter), and n i is a normally distributed random step with n i = 0 and σ n i = 1. The time step for the simulation is taken as 1/1000 of the characteristic diffusion time (time that it takes for the particle to diffuse one particle radius) in 1 cP aqueous solution at 25ºC.
RESULTS AND DISCUSSION
We performed BD simulations to check the feasibility of confining macromolecules using the hydrodynamic trap. Macromolecules are modeled as spherical objects 5-10 nm in diameter entering a microchannel junction 100 × 100 µm in size. The goal is to confine the particle, whose initial coordinates were (−100 μm, 10 μm) , at the trap center located at the origin (0 μm, 0 μm) . BD simulations are performed using the following parameter ranges:
; T = 293°K ; d =1−10 nm ; η = 1 cP ; t d = 10 − 200 ms; −2.5 < K p < 0 As a result of the simulation, we observed whether the particle is successfully steered towards the trap center and confined at the trap center for long time scales (> 5 seconds). Specifically, we were interested in obtaining effective confinement for d = 5 −10 nm as this is the typical size range for a globular macromolecule.
The simulation results show effective confinement of a globular macromolecule within ±10 µm of the trap center in aqueous buffer ( η ≅ 1 cP ) using experimentally feasible feedback control loop rates (5-100 Hz). As a proof of concept, we include a movie (Video 1), which demonstrates successful confinement of a 5 nm particle using the hydrodynamic trap. In this simulation, we used the following parameters: d = 5 nm , , K p = −1.5, t d = 10 ms , η = 1 cP , and T = 293°K , where t d is the measurement and response delay time used in the control algorithm. The particle is initially positioned at (−100 μm, 10 μm) , and aimed to be confined at the trap center located at the origin. The movie shows the hyperbolic streamline that the particle would normally follow in the absence of dynamic feedback control, and active repositioning of the stagnation point (shown as a blue cross, ×). As a control experiment, we tested particle behavior in the absence of a feedback controller, i.e. K p = 0 which resulted in a particle trajectory exiting the microchannel junction through the upper outlet. Figure 2 . The effect of key performance parameters on particle confinement, which is quantified as the mean particle displacement from the trap center which is plotted as a function of (a) particle size (effective diameter), (b) strain rate, (c) proportionality constant of the feedback control algorithm, (d) Feedback response delay.
In addition, we determined the key parameters for effective confinement of individual nanoscale particles in free solution. Specifically, we performed simulations to reveal the effect of particle size, strain rate, proportional gain and the measurement & response delay time on particle confinement. The effect of each parameter on particle confinement is characterized by plotting mean particle displacement of the trapped particle with respect to the trap center ( Figure 2 ). As expected, the results suggest better confinement for larger particles (Figure 2a) . Similarly, we obtain tighter confinement along the incoming flow direction as the strain rate increases (Figure 2b) . Surprisingly, an increase in strain rate also leads to a tighter particle confinement along the outgoing flow direction (Figure 2b ). The control algorithm parameters, proportional gain and measurement and response delay time, has a direct impact on the mean particle displacement along the outgoing flow direction, whereas it does not significantly affect particle confinement along the incoming flow direction (Figure 2c-d 
CONCLUSION
In this work, Brownian dynamics simulations are utilized to demonstrate the feasibility of trapping individual nanoscale particles and macromolecules using a hydrodynamic trap based on planar extensional flow. We further determined and characterized the key performance parameters affecting particle confinement.
The simulation results presented here assume particle motion in two dimensions (in the lateral direction or the device plane). However, a more accurate approach would include the axial direction (along the channel height) as well. In this case, particle diffusion is calculated in 3-D and the planar extensional flow fields are represented in a similar manner (i.e. ) in each plane along the axial direction where the value of changes, reflecting the parabolic profile of the velocity field along the channel height.
